□  □□□  □ 


Effects  of  Ship  Compartment 
Hydrocarbon  Fuel  Fire 

and 

Water  Mist  Fire  Extinguishing 

on 

RF  Propagation 
in 

the  2.4  SHz  ISM  Band 

Dr.  Jovan  Lebaric 
LT  Christos  Deyannis 
LT  Dimitrios  Xifaros 

Naval  Postgraduate  School,  Monterey,  CA,  July  1999 


Report  Documentation  Page 


Report  Date 

Report  Type 

Dates  Covered  (from...  to) 

01JUF1999 

N/A 

- 

Title  and  Subtitle 

Effects  of  Ship  Compartment  Hydrocarbon  Fuel  Fire  and  Water 
Mist  Fire  Extinguishing  on  RF  Propagation  in  the  2.4  GHz  ISM 
Band 

Author(s) 


Performing  Organization  Name(s)  and  Address(es) 

Naval  Postgraduate  School 

Sponsoring/Monitoring  Agency  Name(s)  and  Address(es) 


Distribution/ Availability  Statement 

Approved  for  public  release,  distribution  unlimited 

Supplementary  Notes 

The  original  document  contains  color  images. 

Abstract 


Subject  Terms 


Report  Classification 

unclassified 

Classification  of  this  page 

unclassified 

Classification  of  Abstract 

unclassified 

Limitation  of  Abstract 

UU 

Number  of  Pages 

132 


Contract  Number 
Grant  Number 
Program  Element  Number 
Project  Number 
Task  Number 
Work  Unit  Number 

Performing  Organization  Report  Number 

Sponsor/Monitor’s  Acronym(s) 
Sponsor/Monitor’s  Report  Number(s) 


Ex-USS  Shadwell  Instrumented  Section 


□  □□  □ 


rr» 


Machinery  Space 


CoMpor tne nt  where  ontemnos  were  set 

cmd  fire  e^perinFnt  took  pt&te 


r’> 


_  j  j-.-t  ■*- 
x-±  3- 


General  view  of  hold  level  insirunento.'tian  locations 

(Lower  level) 


Average  Attenuation  Cumulative  Distribution  Function  for 

Directional  Antennas,  V-Pol 


□  □□□  DO 


Average  (all  phases )  Attenuation  CDF  for  V-  Pol 


Normalized  Autocorrelation  Function  for  Directional  Antennas 

Prior  to  Fire,  V-Pol 


[=□!=□□□□ 


Autoeorrd  ati  on  of  the  Ti  me  Averaged  Nor  mal  iz  ed  Path  L  oss  Ft i  or  to  Fi  re 
- 1 - 


T 


T 


T 


T 


T 


o j8  - 4 


c 

o 


0  jG 

a 


Q 

o 

o 


04  - 


02  - 


_L 


_L 


_L 


10 


20 


30  40  50  fiO 

Frequency  Difference  in  MHz 


70 


SO 


Autocorrelation 


Heptane  Fire  Normalized  Autocorrelation  Function  for 

Directional  Antennas,  V-Pol 


□  □□□  DO 


Heptane  Fire  Ti  rre- Averaged  .Attenuation  Autocorrelation  Fund  ion 


Water  Mist  Extinguishing  Normalized  Autocorrelation  Function 

for  Directional  Antennas,  V-Pol 


[=□!=□□□□ 


Water  Mst  Bdingui  stung  Ti  rre- Averaged  Attenuation  Autocorrelation  Fund  ion 


Post- Water  Mist  Extinguishing  Normalized  Autocorrelation 
Function  for  Directional  Antennas,  V-Pol 

i  i  i^r~s i  i ■■□□□■ 


Rost-W^er  Mist  Extinguishing  Ti  me- Averaged  Attenuation  Autocorrelation  Function 


Autocorrelation 


Ventilation  Phase  Normalized  Autocorrelation  Function  for 

Directional  Antennas,  V-Pol 


□  □□□  DO 


Ventil.^iqn  Ti  me  Averaged  Attenuation  Autocorrelation  Function 


Heptane  Fire  Results 

for 

Horizontally  Polarized 
Directional  (High  Gain)  Antennas 


Attenuation  for  Directional  Antennas,  H-Pol 


Time  in  min  {fife  I  it  at  0] 


Attenuation  for  Directional  Antennas,  H-Pol 


□  □□  □ 


Attenuation  vs  Time  and  Frequency  for  Horizontally  Polarized  High  Gain  Antennas 


Attenuation  for  Directional  Antennas,  H-Pol 


Alien uitl on  YS.  time  and  Frequency  for  Horiiantallv  Polarized  High  Gain.  Antennae 

2.4 

241 

2  42 

2  43 

2  44 

245 

2  45 

2  47 

juancymGHz 

2  4S 

4  4  0  2  4  6 

Tphtb  In  min  (fir*  lit  atO) 


Ex-USS  Shadwell  Fourth  Deck 


view  of  fourth  ciecf 


Goner a 


Attenudion  in  dB/m 


Frequency- Averaged  Attenuation  for  Directional  Antennas, 

H-Pol 


[=□!=□□□□ 


Frequency  Aver  aged  Attenuation  for  Horizontally  Polarized  High  Gain  Antennas 


Ti  rre  i  n  rri  n  |'f  ire  lit  at  0 .1 


Attenuation  in  d E /m 


Heptane  Fire  Attenuation  for  Directional  Antennas,  H-Pol 


□  □□□  DO 


Heptane  Fire  Ti  rne- Averaged  Attenuation  for  Horizontally  Polarized  High  Gain  Antennae- 


Atten  uatio  n  i  n  d  B/m 


Water  Mist  Extinguishing  Attenuation  for  Directional 

Antennas,  H-Pol 


□  □□□  DO 


Heptane  Fire  T i me- A'.erag ed  .attenuation  for  Horizontally  Polarized  High  Uain  Antennas 


Post- Water  Mist  Extinguishing  Attenuation  for  Directional 

Antennas,  H-Pol 


□  □□□  DO 


Heptane  Fire  Post- Water  Met  Extinguishing  line  Averaged  Attenu  at  ion  f  o  r  Horizontally  Poiarized  High  [Bain  Antennas 


Atten  uafio  n  i  n  d  B  /m 


Ventilation  Phase  Attenuation  for  Directional  Antennas,  H-Pol 


□  □□□  DO 


Heptane  Fire  Ventilation  Tirre  Averaged  Attenuation  for  Horizontally  Polarized  High  Gain  Antennas 


Attenuation  Probability  Density  Functions  for  Directional 

Antennas,  H-Pol 


□  □□□  DO 


Heptane  Fire  Attenuation  Probability  Density  Fundi  on  (PDF) 


■0  3  0  03  1  1_1  2  2  3  3 

Attenuation  in  dB/rn 


Water  M st  E:di  ngu  ishin  g  Ait  enu  ati  on  P  D  F 


-0  3  0  0  3  1  1 3  2  2  3  3 

Attenuation  in  dB/rn 


Average  Attenuation  Probability  Density  Function  for  Directional 

Antennas,  H-Pol 


[=□!=□□□□ 


Averag  e  (ai  I  phases )  Aft  enu  on  P  D  F  for  H  -  Pol 


Attenuation  Cumulative  Distribution  Functions  for  Directional 

Antennas,  H-Pol 


□  □□□  DO 


Heptane  Fire  AttenUdior)  C  u  rnulati  -.e  Distribution  Fundi  on  [CDF]  Water  Mst  Exting  ui  st~ii  ng  Attenuation  CDF 


Post  -  Water  fof  d  Extin  gui  sh  ing  Attenuati  on  C  D  i-  Ventil  atio  n  C  D  F 


Average  Attenuation  Cumulative  Distribution  Function  for 

Directional  Antennas,  H-Pol 


□  □□□  DO 


Average  (all  phases)  Attenuation  CD  F  for  H-Pol 


Normalized  Autocorrelation  Function  for  Directional  Antennas 

Prior  to  Fire,  H-Pol 


□  □□□  DO 


Autocorrelation  of  the  Time  Averaged  Normalized  Path  Loss  Prior  to  Fire 


0  10  20  30  40  50  60  f.O  60 


Frequency  Difference  in  MHz 


"Simulated"  Machinery  Space 


□  □□□  an 


Upper  level  insir unento tion  I ocations 


Autocorrei  ati  on 


Heptane  Fire  Normalized  Autocorrelation  Function  for 

Directional  Antennas,  H-Pol 


□  □□□  DO 


Heptane  Fire  Ti  me  Averaged  Attenuation  Autocorrelation  Function 


Water  Mist  Extinguishing  Normalized  Autocorrelation  Function 

for  Directional  Antennas,  H-Pol 


[=□!=□□□□ 


Water  Met  Extinguishing  Tj  me- Averaged  .Attenuation  Auto  correlation  Function 


Post- Water  Mist  Extinguishing  Normalized  Autocorrelation 
Function  for  Directional  Antennas,  H-Pol 

I  I  l^7~i  |  I  ■■□□□! 


F'ost-Wder  ISfet  Extinguishing  Time- Averaged  Attenuation  .Autocorrelation  Fundi  on 


Autocorrelation 


Ventilation  Phase  Normalized  Autocorrelation  Function  for 

Directional  Antennas,  H-Pol 


□  □□□  DO 


VsritiktioiL 


Conclusions 


Conclusions 

— -  ■  i  i  m m  ■ ■  m  h  □  □  □  n 

«  The  effects  of  fire  and  water  mist  fire 
extinguishing  are  profoundly  different  for 

directional  (high  gain)  and  non- 
directional  (low  gain)  antennas 

°  The  difference  is  caused  by  the 
prevalence  of  a  single,  direct  path 
for  the  directional  antennas  as 
opposed  to  the  multipath 
propagation  for  the  non- directional 
antennas 


Conclusions  for  Directional  Antennas 

®  The  attenuation  per  unit  length  for 
directional  antennas  exhibits 
relatively  small  variations  with  time 
and  frequency 

•  The  attenuation  due  to  water  mist 
extinguishing  is  substantially  larger 
than  the  attenuation  due  to  the  fire 
itself 
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•  The  average  (includes  fire  and  water 
mist  extinguishing)  attenuation  in  the 
entire  2.4  GHz  ISM  band  for  the 
two  linear  polarizations  and  diesel 
fire: 

•  0.69  dB/m  for  vertical 

•  0.54  dB/m  for  horizontal 

•  with  almost  100%  of  the  values  in 
the  0  to  2  dB/m  range 


Conclusions  for  Directional  Antennas 
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•  The  heptane  fire  average  (includes 
fire  and  water  mist  extinguishing) 
attenuation  in  the  entire  2.4  GHz 
ISM  band  for  the  two  linear 
polarizations: 

•  0. 33  dB/m  for  vertical 

•  0.72  dB/m  for  horizontal 

«  with  almost  100%  of  the  values  in 
the  -0.5  to  3  dB/m  range 
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•  The  average  attenuation  for  non- 
directional  antennas  is  comparable  to 
the  average  attenuation  for  the 
directional  antennas  but  the  values 
for  the  non- directional  antennas 
cover  an  order  of  magnitude  larger 
range  (30  dB  vs  2  dB) 

•  The  fire  and  water  mist  extingushing 
system  cause  the  communication  link 
to  experience  rapid  and  severe 
fluctuations  ("fading") 
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•  The  average  (includes  fire  and  water 
mist  extinguishing)  attenuation  in  the 
entire  2.4  GHz  ISM  band  for  the 
two  linear  polarizations  and  diesel 
fire: 


•  0.76  dB/m  for  vertical 


•  0.66  dB/m  for  horizontal 

«  with  almost  100%  of  the  values  in 
the  -10  to  +20  dB/m  range 
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•  The  measurements  indicate  that  the 
effect  of  a  ship  compartment  fire 
and  the  water  mist  fire  extinguishing 
can  be  modelled  as  rapid,  frequency 
selective  fading  with  relatively  small 
average  value  of  signal  loss  (the 
probability  of  signal  gain  is  slightly 
smaller  that  the  probability  of  signal 
loss)  but  with  signal  losses  up  to  20 
dB  possible 


Recommendations 
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•  Directional  antennas  are  an  effective 
countermeasure  to  the  fire/water 
mist  induced  fading 

•  Frequency  diversity  will  reduce  the 
fading  but  not  to  the  extent  that 
directional  antennas  would 

•  It  would  be  of  interest  to  measure 
the  effects  of  fire /water  mist  on 
circularly  polarized  antennas 
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•  The  objective  was  to  quantify 
experimentally  the  effects  of  ship 
compartment  fuel  fires  (diesel  and 
heptane)  and  the  water  mist  fire 
extinguishing  system  on  the  propagation 
of  RF  signals  in  the  2.4  GHz  to  2.485 
GHz  ISM  frequency  range  using  the  ex- 
USS  Shadwell  fire  research  facilities 
operated  by  the  Naval  Research  Lab 
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»  Ex-USS  Shadwell  Measurements  Team  (on  site 
the  week  of  May  10) 

-  Dr.  Jovan  Lebaric 

-  LCDR  (ret.)  Andrew  Parker,  USN 

-  LT  Christos  Deyannis,  Hellenic  Navy 

-  LT  Dimitrios  Xifaras,  Hellenic  Navy 

•  RF- instrumented  van,  property  of  the  Special 
Signals  Laboratory  of  the  NPS,  was  used  to 
transport  the  measurement  equipment  from 
Monterey,  CA  to  Mobile,  AL 

»  Support  at  NPS 

-  Dr.  Richard  Adler 

-  Mr.  Robert  Vitale,  NPS  jiW  Lab  Director 
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0  RF  Attenuation  in  the  ISM  band  was  measured 
using  a  pair  of  narrowband,  narrow  beam  (high 
gain/directivity)  linearly  polarized  antennas 


•  The  effects  of  fire  and  water  mist  fire¬ 
extinguishing  system  were  also  measured  using  a 
pair  of  non -directional  patch  antennas  which  are 
more  representative  of  typical  communications 
antennas  for  indoor  use 
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•  The  measurements  were  performed  using  a  scalar 
network  analyzer  by  measuring  the  insertion  loss 
(S21)  between  the  two  antennas 

•  The  measurements  were  automated  using  a  PC  with 
LabView  software  to  control  the  experiments  and 
collect  the  data  via  HP-IB 

•  Data  were  taken  at  401  frequencies  from  2.4  to 
2.485  BHz  at  the  rate  of  401  data  points  per  0.8  s 
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•  In  order  to  achieve  a  sufficiently  high  signal-to- 
noise  ratio  a  TWT  amplifier  with  30  dB  of  gain  was 
used  with  the  low  gain  (patch)  antennas 


•  The  antennas  were  positioned  in  the  "simulated" 
machine  space  such  that  the  “fire  source"  was 
approximately  half-way  between  the  transmitting 
and  the  receiving  antenna 


•  The  measurement  equipment  was  set  up  in  the 
"engineering  station"  compartment  adjacent  to  the 
“machine"  space  where  hydrocarbon  fuel  fires  (diesel 
and  heptane)  were  set 
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•  The  insertion  loss  was  measured  without  (the 
"reference")  and  with  fire/water  between  the 
antennas  and  the  attenuation  due  to  fire/water 
calculated  based  on  the  differences  in  the 
measured  insertion  losses 

•  Analysis  of  the  measured  data  was  performed 
at  the  NPS  and  is  presented  in  this  document 
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